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By J:George R e u t e r  a n d  Michae l  F. V a l e r i n o  
A method i s  p r e s e n t e d  of compar ing  t h e  p e r f o r m a n c e ,  
w e i g h t ,  a n d  g e n e r a l  d i m e n s i o n a l  c h a r a c t e r i s t i c s  o f  i n t e r -  
c o o l e r s .  The pe r fo rmance  and d i m e n s i o n a l  c h a r a c t e r i s t i c s  
c o v e r e d  i n  . the  compar i sons  a r e  c o o l i n g  e f f e c t i v e n e s s ,  
. p r e s s u r e  d r o p s  and  w e i g h t  f l o w s  of t h e  c h a r g e  and c o o l f n g  
a i r ,  power l o s s e s ,  volume,  f r o n t a l  a r e a ,  a n d  w i d t h .  
k method of p r e s e n t i n g  i n ' t e r c o o l e r  d a t a  i s  d e s c r i b e d  
i n  which two t y p e s  of  c h a r t s  a r e  p l o t t e d ;  (1) A pe r fo rm-  
a n c e  c h a r t  s e t t i n g  f o r t h  a l l  t h e  i m p o r t a n t  c h a r a c t e r i s t i c s  
of  a  g i v e n  i n t e r c o o l e r  and  ( 2 )  a r e p l o t  of t h e s e  c h a r a c -  
t e r i s t i c s  f o r  a  number of i n t e r c o o l e r s  i n t e n d e d  t o  a s s i s t  
i n  making a s e l e c t i o n  t o  s a t i s f y  a g i v e n  s e t  of  i n s t a l l a -  
t i o n  c o n d i t i o n s .  The c h a r a c t e r i s t i c s  o f  commerc ia l  i n -  
t e r c o o l e r s  o b t a i n e d  from naanufac tu re r s  ' d a t a  and  oS %.one 
computed d e s i g n s  a r e  p r e s e n t e d '  on t h i s  ' ba s i s .  
ii s t a n d a r d  t e s t  p r o c e d u r e  and i n s t r u m e n t a t i o n  a r e  
s u g g e s t e d  whereby comparab le  d a t a  may be  o b t a i n e d  by d i f -  
f e r e n t  t e s t i n g  o r g a n i z a t i o n s .  
I N T R O D U C  T I  OM 
The t e m p e r a t u r e  d r o p  i n  t h e  c h a r g e  p r o v i d e d  by a n y  
g i v e n  i n t e r c o o l e r  depends  on t h e  t e m p e r a t u r e s ,  t h e  den-  
s i t i e s ,  and  t h e  p r e s s u r e  d r o p s  o f  t h e  c h a r g e  and  c o o l i n g  
a i r .  Because of t h e  l a r g e  number of  p o s s i b l e  c o m b i n a t i o n s  
o f  i n t e r c o o l e r  s i z e s  and o p e r a t i n g  c o n d i t i o n s ,  a c o n c i s e  
method of p r e s e n t i n g  i n t e r c o o l e r  d a t a  i s  r e q u i r e d .  A 
method of p r e s e n t i n g  i n t e r c o o l e r  d a t a  i s  s u g g e s t e d  i n  t h i s  
r e p o r t  i n  which by t h e  u s e  of t h e  p r o p e r  f a c t o r s  t h e  same 
p e r f o r m a n c e  c h a r t s  a p p l y  r e g a r d l e s s  of o p e r a t i n g  c o n d i -  
t i o n s  o r  i n t e r c o o l e r  w i d t h  ( t h a t  i s ,  t h e  d imens ion  a t  
r i g h t  a n g l e s  t o  t h e  d i r e c t i o n s  of c h a r g e  a n d  c o o l i n g - a i r  
f l o w s ) ,  p r o v i d e d  t h e  o t h e r  i n t e r c o o l e r  d i m e n s i o n s  a r e  h e l d  
c o n s t a n t .  I n t e r c o o l e r  m a n u f a c t u ~ e r s  u s u a l l y  s e l e c t  f o r  
p r o d u c t i o n  a  few of a n  u n l i m i t e d  number o f  c o m b i n a t i o n s  
of i n t e r c o o l e r  d imens ions  a n d  i n t e r n a l  a r r a n g e m e n t s ,  l e a v -  
i n g  t h e  i n t e r c o o l e r ' w i d t h  t o  t h e  c h o i c e  of t h e  customer.  
Thus,  a few c h a r t s  w i l l  p r e s e n t  t h e  performance of t h e  
e n t i r e  s t o c k  o f ' i n t e r c o o l e r s  l i s t e d  by any manufac tu re r .  
Fhe performance c h a r t s  f o r  a l l  t h e  commercial i n t e r c o o l e r s  
on which d a t a  c o u l d  be o b t a i n e d  a r e  g i v e n  i n  t h i s  r e p o r t .  
The c h a r a c t e r i s t i c s  of impor tance  i n  s e l e c t i n g  a n  
i n t e r c o o l e r  t o  p r o v i d e  a  g i v e n  c o o l i n g  e f f e c t i v e n e s s  
( d r o p  i n  charge  t e m p e r a t u r e  p e r  degree  d i f f e r e n c e  between 
i n l e t  t e m p e r a t u r e s )  f o r  a g i v e n  e n g i n e  and f l i g h t  condi-  
t i o n  a r e :  t h e , p r e s s u r e  d r o p  of t h e  c h a r g e ,  t h e  weight  
f l o w  of t h e  c o o l i n g  a i r ,  t h e  i n t e r c o o l e r  w e i g h t ,  t h e  v o l -  
ume and c o r e  dimens-ions,  and t h e  a s s o c i a t e d  power l o s s e s .  
Changes i n  c e r t a i n  i n t e r c o o l e r  dimensions may improve some 
of t h e s e  c h a r a c t e r i s t i c s  t o  t h e  d e t s f m e n t  o f  o t h e r s .  A l l  
f a c t o r s  must be h e l d  w i t h i n  l i m i t s  which v a r y  w i t h  d i f f e r -  
e n t  i n s t a l l a t i o n s .  Thus, i n t e r c o o l e r s  canno t  be compared 
on t h e  b a s i s  o f -  a  s i n g l e  c h a r a c t e r i s t i c  b u t  r a t h e r  on t h e  
b a s i s  of c u r v e s  s e t t i n g  f o r t h  t h e  v a r i o u s  c h a r a c t e r i s t i c s .  
Based on t h e  performance c h a r t s  p r e v i o u s l y  ment ioned,  
c n a r t s  a r e  p r e s e n t e d  on which t h e  i m p o r t a n t  d imensions  and 
p e r f o r m a ~ c e  c h a r a c t e r i s t i c s  of t h e  v a r i o u s  commercial i n -  
t e r c o o l e r s  are compared. These comparison c h a r t s  p r o v i d e  
a means of q u i c k l y  d e t e r m i n i n g  t h e  i n t e r c o o l e r  h a v i n g  t h e  
c h a r a c t e r i s t i c s  b e s t  s u i t e d  f o r  a  g i v e n  i n s t a l l a t i o n .  A 
comparison between t h e  commercial i n t e r c o o l e r s  and s e v e r a l  
t h e o r e t i c a l  i n t e r c o o l e r s  of t h e  t u b u l a r  t y p e  i s  a l s o  shown. 
In o r d e r  t o  i n s u r e  a f a i r  comparison of  i n t e r c o o l e r s  
of  v a r i o u s  m a n u f a c t u r e r s ,  a  s t a n d a r d  t e s t  p rocedure  i s  
sugges ted .  
SYMBOLS 
M r a t e  o f  a i r  f l o w ,  pounds p e r  second 
I - l e n g t h  i n  t h e  d i r e c t i o n  of a i r  f l o w ,  i n c h e s  
d . tube  d iameter , '  i n c h e s  
s c l e a r a n c e  befween t u b e s  p e r p e n d i c u l a r  t o  f low a 
a c r o s s  t u b e ,  i n c h e s  ., 
s t u b e  p i t c h  i n  d i r e c t i o n  of f low a c r o s s  tube  banks ,  
.P i n c h e s  
m number of tube  banks i n  d i r e c t i o n  of  f low a c r o s s  
tube 
W i n t e r c o o l e r  w e i g h t ,  pounds 
v  i n t e r c o o l e r  volume,  c u b i c  i n c h e s  
A 1  c o r e  f a c e  a r e a  a t  r i g h t  a n g l e s  ' t o  c o o l i n g - a i r  
f l o w  ( f r o n t a l  a r e a ) ,  s q u a r e .  i n c h e s  
w i n t e r c o o l e r  w i d t h  ( c o r e  d imens ion  p e r p e n d i c u l a r  
t o  b o t h  c h a r g e  a n d  c o o l i n g - a i r  f l o w s ) ,  i n c h e s  
H h e a t - t r a n s f e r  r a t e ,  B tu  p e r  s e c o n d  
h h e a t - t r a n s f e r  c o e f f i c i e n t  p e r  u n i t  w i d t h  b a s e d  
on t h e  a r e a  of t h e  i n t e r c o o l e r  s e c t i o n  p e r -  
p e n d i c u l a r  t o  t h e  i n t e r c o o l e r  w i d t h ,  B t u  p e r  
second  p e r  s q u a r e  i n c h  p e r  OF p e r  i n c h  of  i n -  
t e r c o o l e r  w i d t h  
A p  p r e s s u r e  d r o p  of  a i r  a c r o s s  i n t e r c o o l e r ,  i n c h e s  
of w a t e r  
0 d e n s i t y  o f  a i r  r e l a t i v e  t o  s t a n d a r d  a t m o s ~ h e r e  
po s t a n d a r d  a t m o s p h e r i c  d e n s i t y  (0 .0765  l b  p e r  
c u  f t )  
P power,  ho r sepower  
T o  c o o l i n g - a i r  t e m p e r a t u r e  a t  i n t e r c o o l e r  e n t r a n c e ,  
OF 
Tzex  t e m p e r a t u r e  r i s e  of c o o l i n g  a i r ,  OF 
T 2  t e m p e r a t u r e  d i f f e r e n c e  be tween  c h a r g e  and  c o o l i n g  
a i r  a t  i n t e r c o o l e r  e n t r a n c e s ,  OF 
T2ex t e m p e r a t u r e  d i f f e r e n c e  be tween  c h a r g e  a t  e x i t  and 
c o o l i n g  a i r  a t  e n t r a n c e ,  OF 
T 2  - Tzex 
n c o o l i n g  e f f e c t i v e n e s s ,  
T 2  
S u b s c r i p t s  1 and  2 r e f e r  t o  c o o l i n g  a i r  a n d  
c h a r g e ,  r e s p e c t i v e l y ,  and  s u b s c r i , p t s  en  and  a v ,  . t o  
e n t r a n c e  a n d  a v e r a g e  c o n i l i t i o n s .  
. " 
A " s p e c i f i c "  i n t e r c o o l e r  i s  d e f i n e d  a s  one i n  which 
t h e  i n t e r n a l . s t r u c t u r e  &nd t h e  f l ow p a s s a g e  l e n g t h s  a r e  
f i x e d  and o n l y  t h e  d i m e n s i o n  w i s  v a r i a b l e .  An examina- 
t i o n  of e q u a t i o n s  ( 1 6 ) ,  ( 1 7 1 ,  and  (18 )  ( s e e  a p p e n d i x )  
shows t h a t  t h e  c o o l i n g  e f f i c i e n c y  of a g i v e n  n s p e c i f i c "  
i n t e r c o o l e r  i s  a f u n c t i o n  o n l y  of h., W1/M2, and  M l / w .  
But  h i s  a f u n c t i o n  of M 1 / M 2  and M l / w ;  t h e r e f o r e  sym- 
b o l i c a l l y  
F u r t h e r m o r e ,  
a n d  
where  IC1, K 2 ,  n l ,  and  na a r e  c o n s t a n t s .  
T h e r e f  o r e ,  
T ~ U S ,  f o r  a  g i v e n  v a l u e  of ~ ~ $ # p ~  (0' fZ;L) 
v = f a ( ~ z , ,  ~ ~ 2 1  ' ( 5 )  
t h e r e f o r e  t h e  r e l a t i o n s  of q t o  0~,,.Ap2 and  t o  MI./M,, a 
h 
f o r  a s p e c i f i c  i n t e r c o o l e r ,  c an  e a c h  be e x p r e s s e d  by a 
s i n g l e  c u r v e  f o r  a g i v e n  v a l u e  of alav AP 1- I 
The c o o l i n g  p e r f o r m a n c e  of a s p e c i f i c  i a t e r c o o l e r  
c a n  be c o m p l e t e l y  d e s c r i b e d  by c u r v e s  of q p l o t t e d  
a g a i n s t  0 Apl and  Oaav 1av Ap2 ( e q u a t i o n  ( 4 ) ) ,  M l / w  
a g a i n s t  0 Ap, ( e q u a t i o n  (2)), and  M ~ / W  a g a i n s t  
Lav 
"av 
Ap2 ( e q u a t i o n  ( 3 ) ) .  The pe r fo rmance  d a t a  may b e  
o b t a i n c d  by t e s t i n g  a s i n g l e  i n t e r c o o l e r ,  a n d ,  when p l o t -  
t e d  i n  t h i s  f o r m ,  t h e  d a t a  a p p l y  f o r  a l l  w i d t h s  of t h i s  
s p e c i f i c  i .n. tercool.er .  The. c u r v e s  a r e  a l s o  g e n e r a l  w i t h  
rega.rd t o  c h a r g e  and c o o l i n g  a i r  d . e n s i t y  and t e m p e r a t u r e .  
Othar  c h a . r a . c t e r i s t i c s  of t h e  s p e d i f i c  i n t e r c o o l e r  
may be g r a p h i c a l l y  e x p r e s s e d  i n  t e rms  o f  
O2 a v  
Ap2 and 
rj f o r  a g i v e n  v a l u e  of Olao Apl a s  f o l l o w s :  
The i n t e r c o o l e r  volume p e r  u n i t  c h a r g e  f l o w  i s  
By e q u a t i o n  (3) 1 v / M 2 ,  t h e  i n t e r c o o l e r  w i d t h  p e r  u n i t  
c h a r g e  f l o w ,  may b.e e x p r e s s e d  i n  t e rms  of Oaav and  
by  e q u a t i o n  ( 5 )  i n  td rms  of q. L i k e w i s e ,  t h e  i n t e r c o o l e r  
w e i g h t  p e r  u n i t  c h a r g e  f l o w  
i s  a f u n c t i o n  of . T h i s  i s  t r u e  a l s o  f o r  t h e  f r o n t a l  
a r e a  p e r  u n i t  c h a r g e  f l o w :  
The ho r sepower  r e q u i r e d  t o  f o r c e  t h e  c o o l i n g  a i r  
t h r o u g h  t h e  i n t e r c o o . l e r  p'er u n i t  c h a r g e  f l o w  i s  g i v e n  by 
. . 
i n  which M 1 / W 2  may be e x p r e s s e d  i n  t e rms  of by means 
of e q u a t i o n  ( 6 ) .  I f  t h e  c o o l i n g  a i r  is  d i s c h a r g e d  from 
t h e  i n t e r c o o l e r  i n t o  a compartment  i n  kh.ich the  a i r  v e l o c -  
i t y  i s  p r a c t i c a l l y  z e r o ,  t h e  t o t a l - h e a d  l ~ s s  i s  
a n d  t h e  a s s o c i a t e d  power l o s s  i s  g i v e n  by 
Tho t o t e l - h e a d  l o s s  AplT and  t h e  a s s o c i a t e d  power 
l o s s  P I T ,  if d e s i r e d ,  can be  computed a n d  i n c l u d e d  i n  
t h e  f i g u r e s  where  t h e s e  v a l u e s  o c c u r .  The power loss 
g i v e n  'oy e q u a t i o n  (11) does  n o t  s t r i c t l y  r e p r e s e n t  t h e  
a i r p l a n e  d r a g  ho r sepower  due t o  t h e  i n t e r c o o l e r  s i n c e  no 
a c c o u n t  i s  t a k e n  of  t h e  + I e r e d i t h  e f f e c t  which depends  on 
flight c o n d i t i o n s .  
The ho r sepower  r e q u i r e d  t o  f o r c e  t h e  c h a r g e  t h r o u g h  
t h e  i n t e r c o o l e r  P O P  u n i t  c h a r g e  f l o w  i s  g i v e n  by 
and  i s  a l s o  a  f u n c t i o n  o f  q by e q u a t i o n  (5 ) .  
The r e l a t i v e  d e n s i t i e s  (a) i n  t h e  f o r e g o i n g  equa- 
t i o n s  arc? a v e r a g e  d e n s i t i e s .  The a v e r a g e  d e n s i t i e s  c a n  
be c a l c u l a t e d  f rom t h e  e n t r a n c e  d e n s i t i e s  by means of  t h e  
f o l l o w i n g  r e l a t i o n s :  
~ * 2  where B2 = 
T 2  + T o  + 460 
Pquat i .ons  (13 )  and ( 1 4 )  a r e  shown g r a p h i c a l l y  i n  f i g -  
u r e '  1. The e f f e c t  of  p r e s s u r e  change t h r o u g h  t h e  i n t e r -  
c o o l e r  h a s  b e e n  n e g l e c t e d  i n  t h e s e  e q u a t i o n s  b e c a u s e  t h i s  
e f f e c t  i s  u s u a . 1 1 ~  s m a l l .  Vihere l a r g e  p r e s s u r e  d r o p s  o c c u r ,  
t h e  d e n s i t y  may be c o r r e c t e d  f o r  change i n  p r e s s u r e  by  
means of t h e  r e l a t i o n  t h a t  d e n s i , t y  v a r i e s  d i r e c t l y  w i t h  
a b s o l u t e  p r e s s u r e . .  
TZST ASSEi4BLY AiJD 1JETHOD 
Eor t h e  p u r p o s e  of s t a n d a r d i z i n g  i n t e r c o o l e r  t e s t i n g ,  
t h e  f o l l o w i n g  t e s t  a s s e m b l y  and p r o c e d u r e  a r e  s u g g e s t e d :  
The equipment  n e c e s s a r y  f o r  t e s t i n g  i n t e r c o o l e r s  
s h o u l d  c o n s i s t  e s s e n t i a l l y  of a v a r i a b l e - s p e e d  motor-  
d r i v e n  b l o w e r ,  a n  a i r  h e a t e r ,  two a i r - f l o w  m e t e r s ,  manom- 
e t e r s ,  and  the rmocoup la s  w i t h  a u s i l i a r y  i n s t r u m e n t s . .  A i r -  
f l o w  ~ n e ~ ~ s u r e r n e n t s  may be made by means of o r i f i c e  p l a t e s  
p l a c e d  i n  t h e  a i r  s t r e a m s  i n  a c c o r d a n c e  w i t h  t h e  p r o c e d u r e  
o u t l i n e d  by t h e  American Societar  of Mechan ica l  E n g i n e e r s  
( r e f e r e n c e  I). The c h a r g e  s h o u l d  b e  s u p p l i e d  t o  t h e  i n -  
t e r c o o l e r  a t  a  t e m p e r a t u r e  c o n s i d e r a b l y  h i g h e r  ( s a y  200' F )  
t h a n  t h a t  of t h e  c o o l i n g  a i r  i n  o r d e r  t o  promote  a c c u r a c y  
i n  t h e  measurement  of c o o l i n g  e f f e c t i v e n e s s ,  The w i d t h  
o f  t h e  u n i t  t e s t e d  w i l l  b e  gove rned  by t h e  c a p a c i t y .  of t h e  
b l o w e r  and t h e  h e a t i n g  c a p a c i t y  of t h e  a . i r  h e a t e r .  S t a t i c -  
p r e s s u r e  t u b e s  s h o u l d  b e  i n s t a l l e d  n e a r  e x i t s  and  e n t r a n c e s  
of  t h e  i n t e r c o o l e r  b l o c k  f o r  t h e  measurement  of p r e s s u r e  
d r o p  i n  t h e  c h a r g e  and c o o l i n g  a i r  a c r o s s  t h e  i n t e r . c o o l e r .  
The e n t r a n c e  and  e x i t  d u c t s  s h o u l d  be of u n i f o r m  c r o s s  
s e c t i o n  bet~:reen t h e  i n t e r c o o l e r  and  t h e  s t a t i c - t u b e  p o s i -  
t i o n s .  The s t a t i c  t u b e s  a t  t h e  e x i t s  s h o u l d  be p l a c e d  a t  
a s u f f i c i e n t  d i s t a n c e  downstream from t h e  b l o c k  i n  o r d e r  
t o  p e r m i t  t h e  f l o w  t o  a d j u s t  i t s e l f  t o  t h e  change  i n  f l ow 
a r e a .  A d l s t a n c e  of 8 o r  1 0  d i a m e t e r s  ( t u b u l a r  t y p e )  o r  
p l a t e  s p a c c s   late t y p e )  i s  p r o b a b l y  s a f e .  The s t a t i c  
p r e s s u r e  t a p s  s h o u l d  be l o c a t e d  i n  p o s i t i o n s  where t h e y  
w i l l  n o t  be a f f e c t e d  by a e l o c i t y  h e a d  and s h o u l d  haye  en- 
t r a n c e  s e c t i o n s  f r e e  f rom s u r f a c e  i r r e g u l a r i t i e s .  Tubes 
f o r  measu r ing  t o t a l  h e a d  s h o u l d  b e  p l a c e d  a t  t h e  same d i s -  
t a n c e s  from t h e  i n t e r c o o l e r  b l o c k  a s  t h e  s t a t i c  p r e s s u r e  
t a p s .  
Thermocouples  p l a c e d  a t  v a r i o u s  p o s i t i o n s  a c r o s s  each  
e n t r a n c e  and  e x i t  d u c t  p r o v i d e  a means of d e t e r m i n i n g  i n -  
l e t  and o u t l e t  t e m p e r a t u r e s .  There  s h o u l d  be p r o b a b l y  one 
the rmocoup le  f o r  each  4 o r  5 s q u a r e  i n c h e s  of f l o w  s e c t i o n  
across which the thermocouples are distributed. The air 
stream should be thermally insulated from the surrounding 
atmosphere between the thermocouple positions and the 
test unit. The thermocouples across any section may be 
connected in series in the cold-junction box; the total 
voltage of the group, when divided by the number of ther- 
mocouples in the group should yield a satisfactory mean- 
temperature indication, Baffles should be placed upstream 
from all the thermocouples in order to insure uniform 
temperature distribution. Greater accuracy will be as- 
sured if the thermocouples are provided with shields to 
eliminate radiation effects. 
A number of series of tests should be made; for a 
given series one weight flow should be held constant 
while the other weight flow is varied. The values of 
Ml/w and N2/w should be chosen to cover the useful 
range of the intercooler. The necessary data to be used 
in determining the performance of an intercooler are: 
1. %eight flow of cooling air per unit width 
2. IJeight flow of charge per unit width 
3. .Outlet and inlet cooling-air temperature 
4. Outlet and inlet charge temperature 
5. Outlet and inlet charge static pressure 
6. Outlet and inlet cooling-air static pressure 
7. Outlet and inlet charge 'total head 
8. Outlet and inlet cooling-air total head 
The following information should be included with 
the performance data: 
9. Core weight per unit core width 
10. Complete intercooler weight per unit core width 
11, A sketch showing all internal and external dimen- 
sions. 
DISCUSSION 
Types of Flow. 
F i g u r e  2 g i v e s  t h e  c o o l i n g  e f f e c t i v e n e s s  of c r o s s  
f l o w ,  c o u n t e r f l o w ,  and p a r a l l e l  f low a s  a  f u n c t i o n  of t h e  
weight  f low of c h a r g e  and c o o l i n g  a i r ,  t h e  o v e r - a l l  h e a t -  
t r a n s f e r  c o e f f i c i e n t  , and t h e  i n t e r c o o l e r  s u r f a c e .  The 
c u r v e s  a r e  a  p l o t  of e q u a t i o n s  (16), ( I , ? ) ,  and (18)  of 
t h e  appendix.  In  t h e  c a s e s  of p a r a l l e l  f low and c o u n t e r -  
f l o w  2 ,  i s  t h e  dimension p a r a l l e l  t o  t h e  d i r e c t i o n  of 
a i r  f low and l 2  i s  t h e  dimension a t  r i g h t  a n g l e s  t o  1, 
i n  t h e  p lane  a c r o s s  which h e a t  i s  t r a n s f e r r e d .  F i g u r e  2 
shows t h a t  on t h e  b a s i s  of c o o l i n g  e f f e c t i v e n e s s  c o u n t e r -  
f l o w  i s  s l i g h t l y  b e t t e r  t h a n  c r o s s  f low and g r e a t l y  su-  
p e r i o r  t o  p a r a l l e l  f low. Because of p r a c t i c a l  d i f f i c u l -  
t i e s  encoun te red  i n  a r r a n g i n g  e f f i c i e n t  c o u n t e r f l o w  pas-  
s a g e s ,  no commercial i n t e r c o o l e r s  of t h i s  t y p e  have y e t  
appeared ;  
F igure  2 i n d i c a t e s  t h a t  t h e  c o o l i n g  s u r f a c e  of an  
i n t e r c o o l e r  may be of  such  magnitude t h a t  any a d d i t i o n a l  
s u r f a c e  would i n c r e a s e  o n l y  s l i g h t l y  t h e  c o o l i n g  e f f e c -  
t i v e n e s s  because  of t h e  f l a t t e n i n g  tendency of t h e  curves .  
T h i s  poin't s h o u l d  be c o n s i d e r e d  i n  d e s i g n  because  of t h e  
i n c r e a s e  i n  p r e s s u r e  d r o p ,  w e i g h t ,  and volume w i t h  coo l -  
i n g  s u r f a c e .  I t  may be  n o t e d  f u r t h e r  t h a t  t h e  f l a t t e n i n g  
t endency  i s  more a b r u p t  and occurs  a t  lower v a l u e s  of t h e  
a b s c i s s a  w 2 1 2 2 h  when t h e  weight-f low r a t i o  M 1 / M 2  i s  
eD 
l a r g e .  
:Performance Char t s  f o r  " S p e c i f i c n  . I n t e r c o o l e r s  
The ne thod  of p l o t t i n g  p e r f o r n a n c e  d a t a  f o r  s p e c i f i c  
i n t e r c o o l e r s  s u g g e s t e d  i n  t h e  a n a l y s i s  i s  f o l l o w e d  i n  
f i g u r e s  3 ,  4 ,  5 ,  and 6 ,  i n  which g laV A ~ l  i s  $ l o t t e d  
a g a i n s t  02av  Ap2 f o r  a number of v a l u e s  of . The 
f i g u r e s  a l s o  i n c l u d e  a  p l o t  of 
'1 a v  
O p ,  a g a i n s t  l+ i l /w  
. 1  a n d  of OZ,, Ap2 a g a i n s t  M2/w.  The e x t e r n a l  d imensions  
and t h e  weight  p e r  u n i t  w i d t h  of t h e  i n t e r c o o l e r  c o r e  a r e  
.. g i v e n  i n  each of t h e  f i g w r e s .  A s  p r e v i o u s l y  p o i n t e d  o u t  
i n  t h e  a n a l y s i s ,  t h e  d a t a  i n  e a c h  f i g u r e  a p p l y  t o  a n  in -  
t e r c o o l e r  of any  wid th  w ,  p r o v i d e d  a l l  o t h e r  d imens ions  
r ema in  a t  f i x e d  v a l u e s .  I t  i s  e v i d e n t  t h a t  t h e  c u r v e s  f o r  
each  s p e c i f i c  i n t e r c o o l e r  may be o b t a i n e d  by t e s t i n g  o n l y  
one i n t e r c o o l e r  u n i t  of any  c o n v e n i e n t  wid th .  
T i g u r e  3 g i v e s  the  d a t a  on a l l  t h e  H a r r i s o n  i n t e r -  
c o o l e r s  and  f i g u r e  4 g i v e s  the  d a t a  on a l l  t h e  A i r e s e a r c h  
i n t e r c o o l e r s  on which i n f o r m a t i o n  c o u l d  be  found.  F i g u r e  
5 i s  an i l l u s t r a t i v e  pe r fo rmance  c h a r t  f o r  a s p e c i f i c  
cha rge - th rough- tube  i n t e r c o o l e r  c a l c u l a t e d  from r e f e r e n c e  
3. F i g u r e  6 i s  a s i m i l a r  c h a r t  f o r  two s p e c i f i c  cha rge -  
a c r o s s - t u b e  i n t e r c o o l e r s  c a l c u l a t e d  from r e f e r e n c e  2. 
F i g u r e s  3 and 4  were p l o t t e d  from e x p e r i m e n t a l  d a t a  f u r -  
n i s h e d  by t h e  m a n u f a c t u r e r s  ( r e f s r e n c e  4 ) , a n d  no a t t e m p t  
has been made a t  t h i s  l a b o r a t o r y  t o  check t h e  a c c u r a c y  
of t h e s e  d a t a .  
The l i n e s  w i t h  a r rows  i n  f i g u r e  3 ( a )  show t h e  method 
by which t h e  c h a r t  may b e  used .  3 o r  a g i v e n  v a l u e  each  
of olav Ap and r \ ,  a v a l u e  of ozav Apz may be  r e a d  
a t  t h e  bot tom of t h e  c h a r t .  For t h i s  v a l u e  of  Ozav A ~ 2  
a  c o r r e s p o n d i n g  v a l u e  of  M2/w may b e - r e a d  a t  t h e  r i g h t ,  
u s i n g  t h e  long-dash  c u r v e .  The r e l a t i o n  of a Eav AP,  t o  
Ml/v i s  g i v e n  by t h e  s h o r t - d a s h  c u r v e ,  t h e  v a l u e  of M l / w  
b e i n g  r e a d  a t  t h e  top .  Per formance  a t  any  a l t i t u d e  i s  ob- 
t a i n e d  by a s s i g n i n g  t h e  p r o p e r  v a l u e s  t o  a,,, and  Oaav. 
An example of t h e  u s e  of f i g u r e  3 ( a )  f o l l o w s :  
Assumptions:  
2 .  Brake hor sepower .  . . . . . . . . . . .  1 , 0 0 0  
3. Veight  f l o w  of c h a r g e ,  l b  p e r  s e e  . 1.74  
4. C o o l i n g - a i r  p r e s s u r e  d r o p  Ap &, i n ,  . 
of  w a t e r  . . . . . . . . . . . . . .  9 
5. Charge i n l e t  t e m p e r a t u r e ,  OF . . , . . .  200 
6.  Charge i n l e t  p r e s s u r e ,  i h .  H g  . . . .  40 
7 .  C o o l i n g - a i r  i n l e t  t e m p e r a t u r e  ( s t a n d a r d  
a l t i t u d e ) ,  O F . .  . . . . . . . . . . .  1 2  
8. Requ i red  c h a r g e  o u t l e t  t e m p e r a t u r e ,  OF . . 7  8 
Let i t  be r e q u i r e d  t o  f i n d  t h e  v a l u e s  of c o o l i n g  e f -  
f e c t i v e n e s s  , c h a r g e  p r e s s u r e  d r o p  Ap2, i n t e r c o o l e r  
w i d t h  w ,  c o o l i n g - a i r  we igh t  f low M,, and i n t e r c o o l e r  
w e i g h t .  W .  I 
9.' From i t e m s  5 ,  ? ' ,  and 8 ,  q = ,200 - 78 = 0.65 
* 200 - 1 2  
. , 10.  From a t a b l e  of s t a n O a r d  a l t i t u d e  and i t~em 4 ,  
' G l e n : =  0.667 f o r  13 ,200  f e e t ;  t h e r e f o r e  
Ole a? Ap, = 6  i n c h e s  of w a t e r  
9 .  
In i t em 1 0 ,  Glen  i s  used  a s  a  f i r s t  approx ima t ion .  
The v a l u e  of olav can  be  found  a f t e r  h a s  been  
de te rmined .  
' I 
11. From f i g u r e  3 ( a )  and i t e m . 1 0 ,  M1/.w = 0.155 pound 
p e r  second p e r  i n c h  ( f i r s t  a p p r o x i m a t i o n )  - 
12. From f i g u r e  3 ( a )  and  i t ems  9 and 1 0 ,  !dz/w = 0.07 
pound p e r  second  p e r  i n c h  ( f i r s t  a p p r o x i m a t i o n )  
- OaL55 = 2.21 ( f i r s t  13 .  From i t e m s  11 and 1 2 ,  M 1 / M z  - 0.07 
a p p r o x i m a t i o n )  
14'. Brom f i g u r e  l ( a )  and i t ems  5, 7 ,  9 ,  10, and  13, 
'lav = 0.667 x 0.95 = 0.632 
15 .  From i t e m s  4 and  1 4 ,  Olav A p l  = 9 X 0.632 = 5.70 . 
i n c h e s  of w a t e r  1 
16. From f i g u r e  3 ( a )  and  i tem 1 5 ,  w = 0.150 pound 
p e r  second p e r  i n c h  
17 .  From f i g u r e  3(a )  and i t ems  9 and 1 5 ,  M 2 / w  = 0.068 
, pound p e r  second  p e r  i n c h ;  t h e r e f o r e ,  from i tem 
1 6 ,  M,/M, = OeL50 = 2.21, which checks  i t em 
0 , 0 6 8  
1 3 , . t h u s  i n d i c a t i n g  t h a t  t h e  f i r s t  approxima- 
t i o n  from M 1 / M 2  i s  c o r r e c t .  Because 
. changes  o n l y  s l i g h t l y  w i t h  change 
i n  M 1 / M 2 ,  a s e c o n d  .appPoximat  i o n  f o r  
' l avP1 en i s  n o t  r e q u i r e d  even i f  some d i f f e r -  
ence  between t h e  v a l u e s  of  M 1 / M 2  i n  i t e m s  1 3  
and  17  o c c u r s  . 
18 .  From f i g u r e  3 ( a )  and  i t e m s  9 and 1 5 .  02,,A~a = 
1.83 i n c h e s  of w a t e r  
40 - 1 .05 ;  t h e r e -  1 9 .  From i t e m s  5  and 6 ,  ozen = = X sso - 
f o r e  from f i g u r e  l ( b )  and i t ems  5 ,  7 ,  and 9 
02av = 1 .05  X 1.11 = 1.17 
20. From i t e m s  1 8  and 1 9 ,  Ap2 = .1 .83 /1 .17  = 1.57 
i n c h e s  of w a t e r  
21. Prom i t e m s  3 and 1 7 ,  w = 1.74/0 .068 = 25.5 i n c h e s  
22. From i t e m s  1 6  and 2 1 ,  M 1  = 0.150 x 25.5 = 3.84 
pounds p e r  second  
23. From f i g u r e  3 ( a )  and i t em 2 1 ,  V = 4  X 25.5 = 
1 0 2  pounds 
Comparison of I n t e r c o o l e r s  
For t h e  purpose  of comparing a  number of i n t e r c o o l e r s  
on t h e  b a s i s  of t h e i r  i m p o r t a n t  c h a r a c t e r i s  t i c s ,  a method 
of p l o t t i n g  may be used  a s  s u g g e s t e d  i n  f i g u r e  7 where t h e  
c o o l i n g  e f f e c t i v e n e s s  i s  v a r i e d  by v a r y i n g  w/Ma .  Each 
c u r v e  i n  t h i s  f i g u r e  r e p r e s e n t s  s p e c i f i c  i n t e r c o o l e r .  
The d a t a  f o r  f i g u r e  7 are c a l c u L a t e d  f rom t h e  i n d i v i d u a l  
per formance  o h a r t s  f o r  i n t e r c o o l e r s  1 t o  8 ( f i g s .  3 and 4) 
and by means of e q u a t i o n s  ( 7 )  , ( 8 ) ,  ( 9 ) ,  (lo), and ( 1 2 ) .  
I n t e r c o o l e r s  2 5 ,  2 6 ,  and  2 7 ,  f o r  which t h e  per formance  
c h a r t s  a r e  g i v e n  ( f i g s .  3(g5), 3 ( h ) ,  and  3 ( i ) ) ,  a r e  n o t  i n -  
c l u d e d  i n  t h e  compar ison  c h a r t  ( f i g .  ?).  A l l  i n t e r c o o l e r s  
a r e  i d e n t i f i e d  bg numbers ,  and  t h i s  i d e n t i t y  i s  m a i n t a i n e d  
i n  a l l  f i g u r e s  and t h r o u g h o u t  t h e  r e p o r t .  
' I n  f i g u r e  ? a  compar ison  i s  made of s i x  H a r r i s o n  and 
two n i r e s e a r c h  i n t e r c o o l e r s  of v a r i o u s  d imens ions  a n d ,  
where p o s s i b l e ,  a t  t h r e e  va3,ues o f  
' lav 
Ap,. The comple te  
i n t e r c o o l e r  we igh t  v a l u e s  a r e  g i v e n  f o r  t h e s e  i n t e r c o o l e r s ,  
and  t h e  d imens ions  a r e  t h o s e  -of t h e  c 'ore .  
I t  may be s e e n  i n  f i g u r e  7  t h a t  0 Ap, h a s  l i t t l e  
l a v  
."I 
e f f e c t  on . t he  compar ison  of t h e s e  i n t e r c o o l e r s ;  eo  t h e  
compar ison  can  b e  made a t  a n y  v a l u e  of U A Examina- 
l a v  
t i o n  f u r t h e r  r e v e a l s  t h a 4  f o r  a  g i v e n  c o a l i n g  e f f e c t i v e n e s s  4 
t h e  A i r e s e a r c h  i n t e r c o o l e r s  a r e  l i g h t e r  b u t  La rge r  i n  v o l -  
ume and f r o n t a l  a r e a  t h a n  t h e  H a r r i s o n .  
An e x a m i n a t i o n  of t h e  c u r v e s  f o r  t h e  H a r r i s o n  i n t e r -  
c o o l e r s  i n  f i g u r e  7 shows t h a t ,  f o r  t h e  same c o o l i n g  e f -  
f e c t i v e n e s s  and c o o l i n g - a i r  p r e s s u r e  d r o p ,  l e n g t h e n i n g  . 
t h e  i n t e r c o o l e r  i n  t h e  d i r e c t i o n  of c h a r g e  f low (12) r e -  
s u l t s  i n  a d e c r e a s e  i n  c o o l i n g - a i r  f l o w ,  volume, w e i g h t ,  
and  f r o n t a l  a r e a  a t  t h e  expense  of a marked i n c r e a s e  i n  
c h a r g e  p r e s s u r e  drop .  , I n c r e a s i n g  t h e  co o l i n g - a i r  f low 
l e n g t h  1 ,  f o r  a g i v e n  c o o l i n g  e f f e c t i v e n e s s  and  c o o l -  
i n g - a i r  p r e s s u r e  d r o p ,  f i e c r e a s e s  t h e  c o o l i n g - a i r  f l o w  and 
c h a r g e  p r e s s u r e  d r o p  a t  t h e  expense  of i n c r e a s e d  w e i g h t  
and volume. 
The s e l e c t i o n  of a n  i n t e r c o o l e r  depends on t h e  r e l a -  
t i v e  impor tance  of i t s  v a r i o u s  c h s r a c t e r i s t i c s  w i t h  r e g a r d  
t o  a p a r t i c u l a r  i n s t a l l a t i o n .  For example ,  f i g u r e  7 shows 
i n t e r c o o l e r  6 t o  be  d e s i r a b l e  i f  low weight  and volume 
a r e  e s s e n t i a l .  This  a d v a n t a g e  i s  a t t a i n e d ,  however ,  a t  a .  
s a c r i f i c e  of i n c r e a s e d  p r e s s u r e  d r o p  i n  t h e  c h a r g e  a i r .  
I f  a low v a l u e  of Ozav Apz i s  d e s i r e d ,  we igh t  and volume 
b e i n g  of secondary  i m p o r t a n c e ,  i n t e r c o o l e r  1 i s  t h e  l o g i -  
c a l  c h o i c e .  The c h o i c e  between t h e  H a r r i s o n  i n t e r c o o l e r  
and  t h e  A i r e s e a r c h  i n t e r c o o l e r  depends l a r g e l y  on t h e  r e l a -  
t i v e  impor tance  of w e i g h t ,  volume,  and  f r o n t a l  a r e a  accord -  
i n g  t o  f i g u - r e  ?, 
3'igure 8 i s  a p l o t  s imilar  t o  f i g u r e  ? i n  which two 
of t h e  H a r r i s o n  i n t e r c o o l e r s  of f i g u r e  7 a r e  compared $.rith 
t u b u l a r  i n t e r c o o l e r s  of t h e  cha rge -ac ross - tube  t y p e .  The 
t u b u l a r  i n t e r c o o l e r s  were d e s i g n e d  from c h a r t s  p u b l i s h e d  
i n  r e f e r e n c e  2 w i t h  i n t e r n a l  and e x t e r n a l  d imens ions  se-  
l e c t e d  t o  match a p p r o x i m a t e l y  t h e  r e l a a t i o n s  e x i s t i n g  .be-  
tween 0 2av  Apz and q f o r  t h e  two H a r r i s o n  i n t e r c o o l e r s .  
~ h u s ,  f o r  g i v e n  v a l u e s  of q ,  OzaV A P ~ ,  G l a v  A P ~  t and 
M,, t h e  i n t e r c o o l e r s  a r e  compared on t h e  b a s i s  of t h e  r e -  
ma in ing  c h a r a c t e r i s t i c s ,  The t u b u l a r  i n t e r c o o l e r s  o f  30 
banks  r e p r e s e n t  the  "b1oc.k" type  w h i l e  t h o s e  of f i v e  banks 
r e p r e s e n t  t h e  annular-shap.e  i n t e r c o o l e r  a s  d e s c r i b e d  i n  
r e f e r e n c e  2, A l l  i n t e r n a l  and e x t e r n a l  h imens ions  of t h e  
t u b u l a r  i n t e r c o o l e r s  a r e  g i v e n  i n  t h e  t a b l e  a t  t h e  r i g h t  
of t h e  f i g u r e  o r  may be  computed from i C .  The weight  
v a l u e s  g i v e n  f o r  t h e s e  i n t e r c o o l e r s  a r e  c0r.e w e i g h t s  
o n l y ,  and t h i s  p o i n t  s h o u l d  be c o n s i d e r e d  when making 
-8 compar ison  w i t h  tlie commercial  t y p e s  where comple te  
w e i g h t s  a r e  g i v e n .  The t u b e  ar rangement  i s  such  t h a t  t h e  
t t u b e  c e n t e r s  l i e  on t h e  apexes  of e q u i l a t e r a l  t r i a n g l e s .  
* From t h e  s t a n d p o i n t  of volume, t h e  e q u i l a t e r a l  t u b e  ar-  
rangement  does  n o t  g i v e  t h e  optimum i n t e r c o o l e r .  A re--  
d u c t i o n  of t h e  i n t e r c o o l e r  d imens ion  i n  t h e  d i r e c t i o n  of 
c h a r g e  f low and t h u s  a r e d u c t i o n  i n  volume can  be made by 
decres ,s . ing w i t h i n  l i m i t s  t h e  t u b e  s p a c i n g  i n  t h i s  d i r e c -  
t i o n  w i t h o u t  m a t e r i a l  change i n  t h e  o t h e r  c h a r a c t e r i s t i c s  
of t h e  i n t e r c o o l e r .  
a s t k d y  of i i t e r c o o l e r s  1 6  t o  24 r e v e a l s  c e r t a i n  
e f f e c t s  of t u b e  l e n g t h  and s p a c i n g .  The e f f e c t  of i n c r e a s -  
i n g  1 ,  f o r  a g i v e n  v a l u e  each  of blav Apl, 32,, APZ, 
and  q i n c r e a s e s  weight  and volume b u t  d e c r e a s e s  f r o n t a l  
a r e a ,  w i d t h ,  and  c o o l i n g - a i r  f lov :  Under g i v e n  c o n d i t i o n s  
O f  orav 'PI and q a  d e c r e a s e  i n  t u b e  s p a c i n g  d e c r e q s e s  
a l l  o t h e r  v a r i a b l e s  e x c e p t  O a a v  bps,  which i s  c o n s i d e r -  
a b l y  i n c r e a s e d .  (See  c u r v e s  1 6  and 1 9  of f i g .  8 . )  Smal l  
s p a c i n g  i s  t h e . r e f o r e  d e s i r a b l e  i f  GZaV Ap2 i s  n o t  an  
i m p o r t a n t  f a c t o r .  
In f i g u r e  9 a compar ison  i s  made of t h e  H a r r i s o n  in -  
t e r c o o l e r s  1 and 3  of f i g u r e s  ? and  8 ,  an  A i r e s e a r c h  i n -  
t e r c o o l e r  ? of f i g u r e  ?, an.d a num'ber' of charge-through.% 
t u b e  i n t e r c o o l e r s  d e s i g n e d  from c h a r t s  p u b l i s h e d  i n  r e f e r -  
e n c e  3. As i n  f i g u r e  8 ,  t h e  c h a r t  d e s i g n s  were chosen  t b  
match  a p p r o x i m a t e l y  t h e  r e l a t i o n s  of ozav Ap2 a g a i n s * .  
q f o r  t h e  commercial  i n t e r c o o l e r s .  I n t e r c o o l e r s  9 t o  1 5  
have  t h e i r  t:ube c e n t e r s  on t h e  apexes  of e q u i l a t e r a l  t r i -  
a n g l e s .  A s  p r e v i o u s l y  p o i n t e d  o u t ,  t h i s ,  a r r angement  is 
n o t  optimum f r o g  t h e  s t a n d p o i n t  'of volume. I n t e r c o o l e r s  
28 ,  2 9 ,  and 30 a r e  i d e n t i c a l  w i th .  9 ,  1 0 ,  and 1 3 ,  r e s p e c -  
t i v e l y ,  i n  a l l  d imens ions  e x c e p t  t h a t  t h e  t u b e  s p a c i n g  i n  . . 
t h e  d i r e c t i o n  of c o o l i n g  a i r  f low sp,  and hence  I ,, h a s  
been  d e c r e a s e d .  I t  i s  s e e n  t h a t  t h i s  change c a u s e s  a  
marked d e c r e a s e  i n  volume w i t h o u t  change i n  t h e  o t h e r  i n -  
t e r c o o l e r  c h a r a c t e r i s t i c s .  The e f f e c t  of changes  of s p  
i s  d i s c u s s e d  i n  g r e a t e r  d e t a i l  i p  r e f e r e n c e  3. 
, 
Comparison of c u r v e s  9 ,  1 0 ,  an& 11 shows t h e  e f f e c t  
of v a r g i n g  Zz/d when o t h e r  d i m e n ~ % ~ o n s  were a l t e r e d  , t o  
p r o v i d e  t h e  same c u r v e  of GaV Ap2 a g a i n s t  q . f o r  t h e  
t h r e e  i n t e r c o o l ' e r s .  When Z2/d i s  i n c r e a s e d  u n d e r  t h e s e  
c o n d i t i o n s ,  t h e r e  i s  an i n c r e a s e  i n  we igh t  and  a d e c r e a s e  
i n  c o o l i n g - a i r  f l o w ,  volume,  and w i d t h ,  To m a i n t a i n  t h e  
c o n d i t i o n  of c o n s t a n t  
'aav 
A.pz a s  l z / d  i s  i n c r e a s e d ,  
t h e  t u b e  s p a c i n g  s  i s  d e c r e a s e d  and 1 , ;  t h e r e f o r e  i s  
r e d u c e d .  
The c r o s s - f l o w  i n t e r c o o l e r  i s  n o t  t h e  most e f f i c i e n t ,  
a l t h o u g h  i t  i s  p r o 5 a b l y  t h e  most  p r a c t i c a l  t ype .  
The s e l e c t i o n  of a n  i n t e r c o o l e r  t o  s a t i s f y  a p a r -  
t i c u l a r  g r o u p  of c o n d i t . i o n s  i s  g r e a t l y  s i m p l i f i e d  by t h e  
p r o p e r  c o r r e l a t i o n  of t h e  t e s t  d a t a  f u r n i s h e d  by t h e  manu- 
f a c t u r e r ,  and i t  i s  b e l i e v e d  t h a t  t h e  methods s u g g e s t e d  
i n  t h i s  r e p o r t  s h o u l d  p r o v e  o f  m a t e r i a l  a s s i s t a n c e  i n  mak- 
i n g  s u c h  s e l e c t i o n .  
The f i h a l  c h o i c e  of  a n y  i n t e r c o o l e r  must of  n e c e s s i t y  
b e  a compromise among c o n f l i c t i n g  f a c t o r s ,  and t h e  n a t u r e  
o f  t h e  c o m p r o m i s e ' w i l l  depend l a r g e l y  upon t h e  r e l a t i v e  
i m p o r t a n c e  a s s i g n e d  t o  t h e s e  f a c t o r s .  
Tile H a r r i s o n  and Ai r ' e sea rch  i n t e r k o o 1 , e r s  e x c e l  e a c h  
o t h e r  i n  d i f f e r e n t  q u a l i t i e s ,  t h e  fo rmer  i n  volume a n d  
t h e  l a t t e r  i n  we igh t .  
Lang ley  Nemor i a l  k e r o n a u t  i c a l  L a b o r a t o r y ,  
N a t i o n a l  A d v i s o r y  Committee f o r  A e r o n a u t i c s ,  
L a n g l e y .  ~ i e l d ,  V a .  
APPENDIX 
Figure 10 represents a section of an intercooler of 
unit width perpendicular to the dimension w through 
which heat is being transferred from charge to cooling 
air, the direction of the air streams being at right an- 
gles to each other (cross flow). ' The heat flowing through 
an elemental area dx dy b f  this section at distances y 
and x from the charge and cooling-air entrances, respec- 
tively, is 
Eliminating Tw and sepazating variables, 
where h is the over-all heat-transfer coefficient per 
unit intercooler width based on the area 1, 22. Inte- 
grating between limits TleX ,$o 0 and 1, to 0 along 
the elemental strip in the direction of'the cooling-air 
flow and regarding T2 as constant along the strip 
Y 
/ w t ,  12h 'i - - I1 - e - T a r \  MI cp Tl ex / (15) \ 
Froa figure 10 it may be seen that 
and bg substituting in equation (15) 
Integrating between the limits Tz to Taex and 0 to 
2 ,  gives 
\ / 
By a similar procedure the cooling effectiveness for 
and for parallel flow, 
M l c ~  e M, MI cp - l - e  
1 7 ~  (18) 
N2/iv11 + 1 
Equations (16), (17), and (18) show that the cooling 
effec.tivepess for the three types of floh depends on 
M 1 w  i l i 2  h, I , ,  and 12. These equations are based 
on the assumption that 
T2x 
is constant along a line at 
right angles to the direction of the charge flow. This 
assumption is not strictly valid for cross flow (equation 
(i6)); it isshown, however, in references 2 and 3 to in- 
troduce small error in the range of practical intercooler 
operation. The assumption is valid for counterflow and 
parallel flow; so equations (17) and ( 1 8 )  are rigorous. 
1, Anon.: F l u i d  M e t e r s ,  T h e i r  Theory and A p p l i c a t i o n .  
P t .  I ,  4 t h  e d . ,  A.S.M.P.,  1937. 
2. B e u t e r ,  3 .  George,  a n d  Va , l e r ino ,  Michae l  F.:  Des ign  
. C h a r t s  f o r  Cross-Flow T u b u l a r  I n t e r c o o l e r s .  NACA 
c o n f i d e n t i a l  r e p . ,  1941.  
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e d . ,  Aug.  1940, 
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Figure 1,- 
Conversion 
ftnc%ors for 
(a) Intercooler 1, ( b )  Intercooler 2. 
tl = 10 in., t2 = 10 in., \V/w = 4 lb/in. = 10 in., t2 = 14 in., \Y/w = 5.2 lb/in. 
( c )  Intercooler 3. ( d )  Intercooler 4. 
b l  = 10 in., l2 = 18 in., W/w = 6.3 lb/in. Il = 6 in,, l2 = 10 in., W/W = 2.4 lb/in. 
Figure 3a to i - Performance charts for Harrison intercoolers. 
Fig. 3e,f,g,h 
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( e )  Intercooler 5. (f) Intercooler 6. 
il = 6 in., '12 = 14 in., iN/w = 3.1 lb/in. zl = 6 in., l2 = 18 in., W/w = 3.8 lb/in. 
.3 
$ 
.2 ; 
$ 
3- -!\
2m 
0 
(g) Intercooler 25. (h) Intercooler 26. 
21 = 8 in., 22 = 10 in,, W/w = 3.2 lb/in. 21 = 8 in., $2 = 14 in., W/W = 4.1 lb/in. 
Figure 3.- Continued. 
lJACA Figs. 3i94a,b,5 
Figure 31- Concluded. Figure 5.- Performance chart for charge- 
through-tube type intercooler 10, 
.3 
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6 8 lo 12 0 0 2 4 6 8 / 0 0 2 4  
Ap, ,/n. o f  wa fe r  
(a) Intercooler 7. (b) Intercooler 8, 
i1 = 11.75 in., l2 = 14.25 in., Il = 10.25 in,, I2 = 20.75 in,, 
W/w = 1.94 lb/in. W/w = 2;38 lb/in. 
Figure 4,- Performance charts for Airesearch intercoolers. 
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 dl a
vApl , 4 inches 
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(b) 61avAp1 , 8
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Harrison plate-type intercooler 
Airesearch txbular-type intercooler 
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Figure 7s to c,- 
Comparieon 
of 
characteristics 
of com
m
ercial intercoolars. 
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Figure 8.- 
Comparison 
of 
charaeteristics 
cf 
commercial intercoolers 
and 
intercoolers designed 
from 
charts of 
reference 2
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dy 
i 
T1x 
: +---- Cooling air 
4 1  - \ 
-- . --- - .- - 
T1ex I - 
Charge 
T, Temperature difflrence between wall at x and cooling: air at 
entrance, OF. 
Ti Temparature rise of cooling air in floxing x d&tance along X elemental strip,O~. 
Tz-Tq Temperature drop of charge in flowing y distance over plate,OF. 
Tlex 
Total temperature rise of cooling:  air,'^. 
T2-T~ex Total temperature drop of charge, OF. 
Figure 10.- Diagram of heat exchange through a section 
of a cross-flow intercooler, 
